Abstract: A non-random sampling design allowed to distinguish within a virgin beech ecosystem two main components of humus profile heterogeneity. The stratification of the profile into horizons reflects changes in the composition of the soil/litter matrix occurring under the influence of the anisotropic deposition of leaf and wood litter and the stratified occurrence of soil organisms (roots, microbes, animals). The horizontal heterogeneity is mainly influenced by changes in vegetation, in particular the decreasing influence of beech (and the increasing influence of ground vegetation) when passing from the tree trunk base, where the influence of the tree reaches a maximum, to the centre of adjacent gaps where the influence of beech is replaced by that of another vegetation. The use of multivariate methods, used for description rather than for modelling, is suggested to be the best procedure for understanding patterns underlying heterogeneity without a priori assumptions.
INTRODUCTION
The existence of small-scale horizontal and vertical variation of soil properties is well known [29, 32, 38] , but most of the recent investigations on small-scale heterogeneity are focussed on mathematical modelling [12, 17, 39] . Therefore there is still a need for studies which minimise modelling assumptions and abstractions in order to be as close as possible to observable soil properties.
Small-scale variations in the composition of topsoil profiles may occur under the influence of vegetation changes [4, 25, 26] or microtopography [16, 22] . Both may reflect changes in site conditions occurring in the course of time [7, 10] . In virgin forests, an important component of horizontal heterogeneity, the eco-unit, can be interpreted as a stage in a successional process starting from the so-called zero-event [28] . Other well-known patterns in woodlands are the acidification of the soil which occurs near trunk bases [5, 45] .
The site "La Tillaie", in the Fontainebleau state forest near Paris (France), is a beech (Fagus sylvatica L.) ecosystem unmanaged for at least 400 years [20, 24] . Therefore it has been thought to use it for the study of natural small-scale heterogeneity and short-term soil changes as well. Several studies were conducted on the factors explaining meso-scale variations in regeneration patterns, humus profiles and earthworm communities [36, 37, 42] . Small-scale changes in regeneration patterns and earthworm communities were studied using repetitive sampling along transect lines or cross-line grids [11, 30] . Until today no investigation on patterns of humus changes at a very small scale has been done for this type of forest.
In this study the focus was on what can be seen at the micromorphological scale, using identification of humus components and their quantitative analysis as tools to characterize samples [7, 29, 32] . We raised the following question: can horizontal as well as vertical distribution patterns of humus components be explained by simple ecological processes? This is part of a long-term investigation on forest ecosystems aiming at resolving their apparent complexity by selecting scales appropriate to the process to be understood [33] .
MATERIAL AND METHODS

Study site
The biological reserve of "La Tillaie" (33ha) is mainly composed of beech growing on a sandy soil (Fontainebleau sand) overlying a limestone table [37] . The study site is a 0.5 ha area the vegetation and topsoil features of which have been already described by Peltier et al. [30] . It encompasses partly Plot 1 (Melico-Fagetum) in Koop and Hilgen [20] . Plots K, K' and P in Ponge et al. [37] and Topoliantz and Ponge [42] were located in the study site, too. During winter 1990 a severe storm felled seven tall trees, creating multiple gaps [30] which were not present at the time of the study by Koop and Hilgen [20] . Ground vegetation is mainly made of butcher's broom (Ruscus aculeatus L.), growing as dense carpets in the shade of beech, wood melick (Melica uniflora Retz.) and pokeweed (Phytolacca americana L.) forming single-species patches in sunny places. The microtopography created by ancient windthrows [10] was at the origin of mounds and pits with wind-blown or collected litter, respectively. Soils are sandy, strongly acidic. Soil physico-chemical properties of plots K and K' (based on random sampling within plots) are presented in Table I . Despite soil acidity, humus forms are of the mull type, due to earthworm activity in places where trees and deep-burrowing earthworms have access to the underlying limestone table [37] . Depth of the limestone table (measured at the centre of the plot) was 129, 67 and 96 cm on plots K, K' and P, respectively [37] .
Sampling procedure
Thirteen humus profiles were selected on the basis of visible heterogeneity of vegetation and microtopography (Table II) . Sampling of humus profiles was done within a week in July 1992.
Each sample was unique, being representative of a combination of environmental conditions which prevailed in the study site at the time of sampling: beech adult or young, sun or shade, ground bare or covered by vegetation (Ruscus, Melica, Phytolacca), mound or pit, near the trunk or far from the trunk. Samples were taken according to the method of Bernier and Ponge [7] . A soil block 5x5x15 cm was dressed with a sharp knife. Different layers were thoroughly separated from the top to the bottom of the profile on the basis of morphological differences which could be perceived to the naked eye. No attempt was made to follow nomenclature of horizons following Babel [2] , Green et al. [18] or Brêthes et al. [9] . Nevertheless each layer was indicated as OL (fresh litter), OF (fragmented litter), OH (pelletized and humified litter) and A (hemorganic), followed by a number according to its sampling rank (OL1, OL2,…). All layers (129 in total) were immediately fixed into 95% ethyl alcohol then transported to the laboratory to be studied later.
Each layer was transferred to a Petri dish filled with alcohol, then thoroughly spread over the whole surface of the dish with as little disturbance as possible. A transparent plastic sheet with a 200 points grid was then placed above the sample for identifying and counting humus components under a dissecting microscope. Countings were summed up for each category then transformed into percentages of solid matter. Due to the sandy nature of the soil, some poorly structured hemorganic or mineral assemblages were dispersed, forming a muddy deposit at the bottom of plastic tubes which were used for the fixation and transport of humus layers, contrary to other studies using the same method [7, 13, 29] . Such fine material without any indication of coherent structure was thus discarded in the analysis. Sixty categories were identified in the whole set of humus layers (Table III) .
Data analysis
Data (percentages of occurrence of a given category in a given layer) were analysed by correspondence analysis [6, 19] , using 129 samples (layers x profiles) as observations and 60 humus components as active variables. Passive variables (OL horizon, OF horizon, OH horizon, A horizon, Beech, Melica, Ruscus, Gap, Trunk base, Litter accumulation, Trampling) were added, indicating profile or horizon features, and coded as 1 or 0. All variables (active and passive) were transformed according to the method of Ponge and Delhaye [36] . For each variable the data were refocused and reweighted according to the formula: x = (x-m)/s + 20, m being the mean and s the standard error of the variable.
RESULTS
The projection of active and passive variables in the plane of the first two axes (12% and 8% of the total variance, respectively) expressed the vertical heterogeneity, each horizon being characterized by a particular composition ( The A horizon was mostly characterized by compacted hemorganic material (category 56) and, to a lower extent, by larger roots of beech (categories 27 and 28), Cenococcum mycorrhizae and sclerotia (categories 31 and 33), and recalcitrant material such as snail shells (category 58) and arthropod cuticles (category 59). Holorganic faeces of oribatid mites, millipedes, woodlice and slugs (categories 48, 49, 50, 51, respectively) were not placed far from the origin, but rather between the OL/OF group and the A horizon, showing that these categories were mostly present in humus profiles where the OH horizon was absent (mull), while enchytraeid faeces were characteristic of the OH horizon of moder. Passive variables indicating site conditions were placed not far from the origin, except "Melica" and "Gap" which were projected on the negative side of Axis 2. This indicated that the pattern depicted by the plane of the first two axes mostly concerned vertical heterogeneity (horizons) rather than horizontal heterogeneity (vegetation, trampling, pits with litter accumulation, vicinity of trunk bases), except that carpets of Melica within gaps where characterized by the direct passage from an OL horizon to an A horizon, thus by a rapid incorporation of litter to the mineral soil.
The projection of passive variables in the plane of Axes 1 and 3 (12% and 7% of the total variance, respectively) showed features related to horizontal heterogeneity (Fig. 2) . This was indicated by the position of passive variables along Axis 3. "Beech" and "Gap" were opposed along this axis. On the positive side of Axis 3, "Trunk base" was still farther from the origin than "Beech". On the negative side of Axis 3 "Phytolacca" and "Melica" were associated with "Gap". (Fig. 1) , were rather associated with gaps, being projected on the negative side of this axis.
DISCUSSION
The use of correspondence analysis allowed to discern global trends in vertical as well as horizontal heterogeneity. The same method was used to analyse the composition of topsoil horizons in managed beech forests of the Belgian Ardennes [32] . Although the parent rock differed in hardness (sandstone in the Ardennes, fine sand in La Tillaie) both forests had strongly acidic soils. The composition of the four horizons (OL, OF, OH and A) did not differ to a great extent between both studies, but the composition of OH and A horizons differed more in the present study, indicating a sharper transition between these horizons. This was probably due to the fact that moder, including dysmoder with a thick OH horizon and complete absence of earthworms, was the dominant humus form in the Belgian sites, while the contrary was observed in the present study zone where earthworms were present everywhere [36, 37] . To the light of these two studies it should be underlined that the fine root system of beech, with its mycorrhizae, was better expressed in the OH horizon than in the OF horizon. This differs markedly from what had been observed in a Scots fine stand by Ponge [31] , where the OF horizon exhibited a profuse development of mycorrhizal roots and associated mycelia permeating the fragmented litter, the OH horizon being mainly made of dead material. To the light of observation [27] and experimental proof [3] it could be suggested that the development of a dense mycorrhizal root system in the OF horizon (thus making the OH horizon a "dead" horizon) is indicative of an evolution towards mor through the development of an OM horizon, i.e. an organic horizon made of poorly humified litter with a poor content in animal faeces [35] .
The poor stability of mineral and hemorganic assemblages in sandy soils [8] was responsible for the compaction of earthworm-mediated plant and soil material, making the A horizon mostly made of compact hemorganic masses without any crumby structure. Faecal material was recognizable only when still in a fresh state, thus it was identified as such in the OH horizon only. An exception was enchytraeid faecal material, which was observed within the A horizon (Fig. 3) . Enchytraeids are known to ingest hemorganic as well as holorganic material and to tunnel easily through earthworm casts [14, 43] .
The influence of vegetation was expressed by Axis 3 of correspondence analysis, opposing beech (and more especially the trunk base) to herbaceous vegetation living in the gaps at the time of the study (Melica, Phytolacca). Similar methods allowed to discern small-scale patterns, starting from the tree trunk base to the centre of adjacent gaps filled with another vegetation [29] . Beside evident differences in the state of the beech root system (living under beech, dead in the gaps), the presence and absence of some components of the humus profile could be used as clues for identifying changes in the biological functioning of the soil which occur after a windthrow. In a previous study on La Tillaie conducted during the same year, Ponge and Delhaye [36] demonstrated that earthworm populations (mainly soil-dwelling species) collapsed in gaps recently opened by storms. In the present study, enchytraeid faeces were mainly present in A horizons of the gaps. The balance between enchytraeid and earthworm activity could have been affected by sudden changes in food resources and microclimate following the local death of beech such as a lesser litter input combined with a more intense mineralization of organic matter in the A horizon, and the dryness of the soil surface [15, 41] . It has been observed that impoverishment of the soil was detrimental to earthworms but favoured enchytraeids which are more resistant to soil dryness and poor nutrient status [14] . This could explain why earthworm faecal material (categories 45, 46) was rather associated to the beech trees (positive side of Axis 3), contrary to enchytraeid faecal material (category 47) which were associated to the gaps (negative side of Axis 3).
The acidifying influence of the stemflow area has been recorded times and again under beech [44, 21, 23] and was here visible in the respective position of Profiles 1 (50 cm from the trunk base) and 2 (100 cm from the trunk base) on the positive side of Axis 3 (Fig. 2) . This was due to changes in the composition of humus profiles, with more holorganic faecal material accumulated near the trunk base, as this has been already observed under oak by Deschaseaux and Ponge [13] . The positive influence of full-grown beech (compared to the pole stage, i.e. young individuals still growing in height) on soil-dwelling earthworms, demonstrated by Ponge and Delhaye [36] on the La Tillaie site, thus needs to be reconsidered, taking into account small-scale changes occurring beneath an individual tree. The improvement of soil biological activity which occurs during maturity then senescence of forest ecosystems [1, 7, 36] does not hold for the small area (less than 1 m diameter) surrounding the trunk.
The sampling design did not use replication as a basis for statistical analysis. Rather, each sample (layer x profile) represented an unique case, having its own story to tell us.
Nevertheless the use of a multivariate method for data analysis allowed to incorporate these separate samples into a composite sample, the structure of it was analysed without any a priori hypotheses. We consider that this composite sample was representative of the heterogeneity which was perceptible to the naked eye in the study site. This was preferred to a randomised design based on a priori hypotheses (orthogonal comparisons between groups), given that when studying heterogeneity, what we call ground noise (or residual variance) in classical statistical inference [40] is actually the matter of our study.
The use of correspondence analysis for the data treatment did not allow to test separately the significance of categories for the separation of horizons and/or profiles. It gave only an overall picture of the structure of the data but might help to ask questions such as i) are there discrepancies (expected or not) between horizons or profiles concerning the composition of the solid matter, ii) what are the categories most closely involved in these discrepancies, but without deciding whether found relationships were significant or not. The advantage is that no null hypothesis has to be built as a prerequisite to data treatment, the absence of structure in the data being considered as trivial and thus needing not to be tested [6] . The disadvantage is that rules of statistical inference are violated. In natural forests, where the highest variety of vegetation and micro-climate conditions is exhibited [28] , statistical inference can hardly help to understand what is hidden under the apparent complexity of the virgin forest. Fig. 1 . Correspondence analysis. Projection of active variables (categories of humus components) and passive variables (horizon names, ecological indicators) in the plane of the first two axes. Categories were coded as in Table III . 
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